Willis's Place in the History of Muscle Physiology The history of muscle physiology, its growth and development, was well reviewed by Bastholm (1950) . His monograph covers the period from the time of Ancient Greece to the beginning of the eighteenth century. More recently, Wilson (1961) discussed the writings of William Croone and some of his contemporaries. This paper will be confined to the period 1650-75, particularly fertile years in the growth of this subject, and may fill in a few of the remaining gaps. The ideas and observations of John Wilkins, Walter Charleton and Jonathan Goddard have not, we believe, yet received their due recognition.
Descartes (1649) suggested that the animal spirits passed along the nerves (which he regarded as hollow). Their influx into the muscle led to an increase in volume and thus contraction took place. Later relaxation was possible by the spirits passing through the muscles and then out through the skin.
Nine years later another Frenchman, Pierre Gassendi (1658) suggested that movement resulted from some sort of explosion. This idea was considerably elaborated by Willis, who acknowledged Gassendi's priority and wrote of him:
'this inquisitive man, weighing in his mind, how much that force or strength might be, with which not only the Arm, or Thigh, but the whole animial Machine, is moved, govern'd, lifted up, and carried.' He continued, 'Who can easily comprehend that small thing, whatsoever it is, within the body of an Elephant, whether we conceive it to be a soul, or spirit, or any other motion, that it should be able to agitate such a bulk, and to cause it to perform a swift and harmonious dance? but indeed, the same fierce nature of the soul, serves within the body by its own mobility, what a little flame of gunpowder does in a Cannon: it not only drives forth the bullet, with so much force, but also drives back the whole machine with so great strength.' (M.C. 4, C.D. 21).
Gassendi did not, however, discuss the question of muscle contraction.
Walter Charleton in 1658 published a small book which was translated the following year into English, entitled 'Natural History of Nutrition, Life and Voluntary Motion'. Like Glisson (1654) he denied the existence of holes in the nerves and believed that impulses were transmitted by means of the succus nutritivus. He also emphasized the importance of a blood supply to the muscles and realized that a tendon was simply a cord by which motion was quickly and easily performed. In many ways Charleton's ideas were more accurate and clearer than those published a few years later by Croone.
The historical importance of Charleton's work as Portal (1770-3) suggested that an interaction of spirituous juice from the nerves with spirits from the blood occurred. This he believed produced a great agitation in the space between the muscle fibres, and he postulated that the force was transmitted to the fibres. He suggested that the muscle expanded in width and shortened in length and thus movement was brought about. 'The more the muscle swells, the greater is the faculty of their contraction' (Croone 1664, p 32).
A similar theory, although more elaborate, was put forward by Willis in 'Cerebri Anatome,' also published in 1664. It is difficult to decide who deserves priority for the theory. The great amount of criticism which it aroused was directed at Willis but it could be argued that Croone's work being anonymous was the explanation. As we have earlier indicated, Gassendi was to some extent responsible.
Willis suggested that contraction resulted from the animal spirits and the blood coming together in the muscles to produce a great force. To quote his words:
'it is like the explosion of gunpowder; and also the same spirits being continually consumed within the muscles more profusely than in the membranes and other parts, are in some measure restored by the nutritious blood: since the arterial juice joins more plentifully with the nervous juice . . . it may well be thought, that it also lays upon the spirits, brought thither with it, as it were certain nitro-sulphureous particles, and intimately fixes them on them; and so, by reason of this copula, highly flatuous and apt to be rarified, the spirits themselves become more active, so that in every motive action, whereby the muscle is suddenly intumified, they, as if inkindled, are exploded ' (C.A. 97-98, A.B. 105 In trying to apportion priority for this important advance it is necessary to point out that in 1667 Swammerdam published an essay on respiration in which he described and illustrated an ingenious method of studying air flow into the lungs (Fig 1) 'I consider the imaginary fermentation between the spirits and blood, by which the muscle is said to be inflated; though the very method of this inflation is contrary to the known construction of the muscles'. His experiments conclusively showed as he stated that no 'matter of sensible or comprehensible bulk flows through the nerves into the muscles'. Swammerdam was far in advance of his time when he suggested (p 125) that 'the nerves are constantly and perpetually irritated to give motion to every muscle of the whole body' and said 'I cannot observe that the muscle in the living animal, ever absolutely ceases from all motion. And therefore it should be rather said, that it is less strongly moved at the time of its relaxation'. On the problem of nerve function he repeatedly stated his ignorance and asked to be allowed to 'leave them, as a most fruitful matter of contemplation, to the discussion of others' and looked forward to when they would be understood.
Swammerdam's experiments were carried out before 1667. It is impossible now to be certain whether his ideas and findings were widely known to the scientific world. Fulton (1926), Cole (1944) and Singer (1959) The first experimental proof in man that there was no increase in muscle volume during contraction has unfortunately been persistently and quite incorrectly attributed to Francis Glisson. Such eminent authorities as Portal (1770-73), Foster (1901) , Guthrie (1921) , Fulton (1926) , Mettler (1947) figure [Fig 2] ) upon putting in of water first a little warmed, and afterwards of the arme, so as it closed the wide orifice of it, and the water did rise into the small glasse canale; first it was visible, that the water rose upon every pulsation of the artery, and subsided upon every intermission: and then the person being ordered to make a contraction ofclutching of his fist of both arms, that within the case and that without at the same time: upon every such contraction the water in the glasse canale did descend much more, than upon the intermissions of the pulse, before mentioned.' In the discussion which followed (Birch 1756, 2, 356) Robert Hooke, considering 'Goddard's experiment was not published until 1756 in Birch's 'History of the Royal Society'. Browne Langrish referred to it 1747 in one of the early Croonian lectures. Haller was also aware that Goddard and not Glisson was responsible. He correctly surmised that the decrease in volume of the arm could be due to the expulsion of venous blood. John Atkin (1780) in discussing Glisson wrote 'He has many remarks relative to muscular motion; and mentions the celebrated experiment by which it is proved that the bulk of a muscle in action is diminished, rather than increased. The invention of this experiment is, however, by some attributed, upon the authority of the Register of the Royal Society, to Dr Goddard'. This statement by Atkin was mentioned by Stirling (1902) what makes muscle contract and relax, pointed out that spirits of wine poured on gut strings results in their contraction and shortening. As the liquid evaporates they relax and lengthen. He suggested that some subtile volatile spirit entered the muscles and was then quickly discharged.
Richard Lower in 1669 accepted the view that 'a Muscle constricts down on itself at each movement and gets smaller and harder. In other words, the character of its movement is exactly opposite to a process of swelling up'. He was also sceptical of the explosive theory when he wrote:
'Further, if movement occurs through the conflict of spirits of different nature meeting in the Muscle, or through a mixture of air with animal spirit, why are all parts of the muscle not in a state of perpetual movement, as both components are continuously flowing into it? And what command has the Spirit over us, if it is responsible only for the impulse to movement, serves only to fire the tinder, and arouses a tumult which it will be unable to quell at will? It is surely scarcely credible that things so antagonistic can exist, at all events in a well-ordered body, or can be united, without the spirit being able to control them. I do not see, then, why we should seek in so violent a source for the manner and cause of this movement. ' Willis published in 1670 his essay 'De Motu Musculari'. This might have gone to the press when Goddard produced his experiment or, because of his rare attendance at the Royal Society, he was perhaps unaware of it. Willis thought that:
'the fleshy belly of the Muscles, whilst it is contracted, doth swell up, is not at all to be doubted, because this is evidently beheld by the sight and touch in the dissection of living creatures: namely, all the fleshy fibres being wrinkled together, are made more tumid and sharper, and so shorten the muscle, and make it also thicker and broader: when in order to be more certain some of the fleshy fibres separated from their connexion with the rest, and left the others near them loose, there appeared a notable difference between those flaccid or not swelled, and these intumified or swelled up in every contraction of the Muscle' (D.M. 53, M.M. 34).
He also modified his theory and suggested that the tendons took an initiating part in contraction. To some extent this was a return to the old view of Fabricius a century earlier:
'the animal spirits being brought from the brain by the passage of the Nerves to every Muscle, and (as is very likely) received from the membranaceous fibrils, are carried by their passage into the tendinous fibres, and there they are plentifully laid up as in suitable storehouses; which spirits, as they are naturally nimble and elastic, where ever they may, and are permitted, expanding themselves and leap into the fleshy fibres; then, the force being shed, they subside and slide back into the tendons, and vice versa. But whilst the same animal spirits, at the instinct given for the performing of motion, leap out of the tendinous fibres into the fleshy, they meet active particles of another nature, supplied from the blood, and presently they grow mutually hot ' (D.M. 53-54, M.M. 34 ).
Willis studied also separated muscles during contraction under the microscope and his observations confinned his belief that the contraction began at the tendinous end (M.M. 34). Experiments with ligatures tied round different parts of the fibres also confirmed him in this belief. Steno's experiment of tying the descending aorta was quoted to support his theory of the necessity for some elastic copula from the blood to combine with the animal spirits.
In the case of the heart and muscles of respiration he suggested that the fibres are exercised by perpetual motion -'they wait not for the passage of fresh spirits to the Tendons' (D.M. 56, M.M. 36).
Willis's last book 'Pharmaceutice Rationalis' (1675), the second part of which was published soon after his death, contains accurate descriptions of the musculature of the intestinal tract and also of the bony cage of the thorax and its muscles.
Although Willis described contraction, using a simple microscope, the first histological description of muscle was by Leeuwenhoek in 1674. He thought that it was made up of small globules. Hooke, the following year, suggested that a large number of small pipes extended through muscle from the tendon at each end (Birch 1756, 2, 180) . It is to Leeuwenhoek that we owe the important discovery of the cross striations, but this did not occur until 1682 and is outside the period of this paper.
Conclusions and Summary
Apart from his explosion theory (and this was partly derived from Gassendi), the contributions which Willis made to muscle physiology have not been of lasting importance. They cannot be compared to those of Swammerdam, Steno, Goddard and Charleton. Willis's and Croone's theories followed somewhat similar lines, although the latter did not use the word 'explosion'. Wilson is inclined to give the priority to Croone, and in view of Croone's earlier experiments in 1661, this view seems to be correct. It should be remembered, however, that Croone, in his turn, must have been strongly influenced by Wilkins.
To do justice to Willis one must survey his clinical observations bearing on disturbances of muscle. Guthrie in 1903 pointed out that Willis gave the first description of myasthenia gravis. In the same chapter he described a group of 692 Proceedings ofthe Royal Society ofMedicine 36 patients who 'in the morning are able to walk firmly, to fling about their arms hither and thither, or to take up any heavy thing; before noon . . ., they are scarce able to move hand or foot' (S.B. 167). It would be easy to regard this as hysterical but, as he wrote on another problem, 'in every unusual symptom, we declare it to be something hysterical, and so to this scope which oftentimes is only the subterfuge of ignorance' (C.D. 69).
He discussed such subjects as facial spasm and cramp and tried to understand their mechanism. He mentioned also the fasciculation which occurs in the cheek and lip and is without serious significance (Ph.R. Pt 1, 120) but referred to a case in which fasciculation occurred throughout the body.
Amongst his description of cases which we would recognize and classify today as disorders of the basal ganglia, there is a remarkable one of a young woman who developed involuntary movements, probably choreo-athetotic in type, involving the whole body and leading to contractures of the legs. This was associated with ascites and oedema of the legs so that we are left wondering whether he was perhaps observing hepatolenticular degeneration.
Critchley (1955) has pointed out that Willis gave an account of the restless legs syndrome and Ekbom (1960), after whom this syndrome is nowadays usually named, has acknowledged this.
In his last work (Ph.R. Pt 2, 1675) he discussed the muscles of respiration and their perpetual action. Portal has claimed that no one before him had better described the bony cage of the thorax and the muscles which act on it.
We certainly agree with Canguilhem (1955) that while Descartes produced a theory of medicine without practising it and proceeded from the normal to the pathological, Willis on the other hand proceeded from the pathological to the normal and his physiology was created from his experience with the sick.
